We investigate the embedding of brane inflation into stable compactifications of string theory. At first sight a warped compactification geometry seems to produce a naturally flat inflaton potential, evading one well-known difficulty of brane-antibrane scenarios. Careful consideration of the closed string moduli reveals a further obstacle: superpotential stabilization of the compactification volume typically modifies the inflaton potential and renders it too steep for inflation. We discuss the non-generic conditions under which this problem does not arise. We conclude that brane inflation models can only work if restrictive assumptions about the method of volume stabilization, the warping of the internal space, and the source of inflationary energy are satisfied. We argue that this may not be a real problem, given the large range of available fluxes and background geometries in string theory.
Introduction
Inflation provides a compelling explanation for the homogeneity and isotropy of the universe and for the observed spectrum of density perturbations [1, 2] . For this reason, we would hope for inflation to emerge naturally from any fundamental theory of microphysics.
String theory is a promising candidate for a fundamental theory, but there are significant obstacles to deriving convincing models of inflation from string theory.
One problem is that string compactifications come with moduli fields which control the shape and size of the compactification manifold as well as the string coupling. Inflation is possible only if these fields are either stable or else have relatively flat potentials which do not cause fast, non-inflationary rolling in field space. Controlling the moduli in this way is a difficult problem. In particular, the potential for the dilaton and for the compactification volume tends to be a rather steep function [3] .
A second problem is that the inflaton potential itself must be exceptionally flat to ensure prolonged slow-roll inflation. A successful microphysical theory would naturally produce such a flat potential. Since the flatness condition for the potential involves the Planck scale one should ensure that quantum gravity corrections do not spoil it. Hence, the problem should be analysed in a theory of quantum gravity, such as string theory. The hope of brane-antibrane inflation scenarios is that the brane-antibrane interaction potential can play the role of the inflaton potential (see [4] for a nice review), but it is well known that this potential is not naturally flat. Since in string theory one cannot fine-tune by hand, but only by varying background data (like the compactification manifold or choice of flux), one concludes that in generic compactifications, brane inflation will not work. However, the many choices of flux and compactification make possible a considerable degree of discrete fine-tuning, so for very special choices of the background one would expect to find potentials which are sufficiently flat for inflation.
In this note we discuss these problems in the concrete context of the warped type IIB compactifications described in e.g. [5, 6] . One reason for working in this setting is that one can sometimes stabilize all the moduli in a geometry of this type, avoiding the first problem mentioned above. In addition, the constructions of [5] naturally admit D3-branes and anti-D3-branes transverse to the six compact dimensions. Furthermore, one could wish for a model which accommodates both inflation and the present-day cosmic acceleration.
This might be possible if one could construct inflationary models which asymptote at late times to the de Sitter vacua of [7] (or variants on that construction, as described in e.g. [8, 9] ; earlier constructions in non-critical string theory appeared in [10] ). As these vacua included one or more anti-D3-branes in a warped type IIB background, it is quite natural to consider brane-antibrane inflation in this context.
Our idea, then, is to begin with the de Sitter vacua constructed in [7] , add a mobile D3-brane, and determine whether the resulting potential is suitable for inflation. For the impatient reader, we summarize our findings here. We find that modest warping of the compactification geometry produces an extremely flat brane-antibrane interaction potential, provided that we neglect moduli stabilization. This solves the second problem listed above. However, a new problem appears when we incorporate those terms in the potential which led, in the construction of [7] , to the stabilization of the volume modulus.
We show that generic volume-stabilizing superpotentials also impart an unacceptably large mass to the inflaton, halting inflation.
While these conclusions are "generic," it is very important to emphasize that the problem of the inflaton mass might be circumvented in at least two different ways. First, the stabilization mechanism for the moduli might be different from that in [7] . For example, the volume modulus could be stabilized by corrections to the Kähler potential, which as we will see can naturally circumvent this problem. Second, the mobile brane might be located not at a generic point in the compact manifold but close to some preferred point.
If the location of the D3-brane is appropriately chosen then there could be significant corrections to the superpotential. In general models, the superpotential may be a rather complicated function of both the brane positions and the volume modulus. Little is known about the form of these nonperturbative superpotentials in string compactifications. Our arguments show that if the functional form of the superpotential is generic then inflation does not occur. Nevertheless, it seems quite likely, given the range of available fluxes and background geometries, that cases exist which are sufficiently non-generic to permit inflation, although with predictions which are altered from those of naive brane inflation. 1 Our conclusions should be viewed as a first pass through the class of brane inflation models, in the context of the moduli stabilization mechanism which has recently been developed in [5, 7] . Once the non-perturbative superpotentials involved in such constructions are better understood, and/or as soon as other mechanisms for moduli stabilization become available, one could re-examine brane inflation in light of this further concrete knowledge. This may well lead to a precise determination of the non-generic cases where working models of brane inflation in string theory can be realized.
Our analysis clearly indicates that any viable inflation scenario in string theory has to address the moduli stabilization problem. Since essentially all papers on the subject, to the best of our knowledge, have ignored the problem of moduli stabilization, their conclusions are questionable in view of our results. In particular, should a more detailed analysis reveal the possibility of inflation in various non-generic situations, as suggested above, we expect that the resulting inflationary parameters will typically be quite different from those calculated in the existing literature by neglecting moduli stabilization. This paper is organized as follows. In §2 we review basic facts about brane-antibrane inflation [11, 12] , with special attention to the case of D3-branes, and discuss some generic problems for such models. In §3 we show that warping of the geometry can help with some of these problems. In §4 we explain one method of embedding the warped inflation scenario into string theory, using the warped compactifications of [5] . In §5 we describe further problems that arise in the string theory constructions when one tries to stabilize the overall volume modulus. Generic methods of stabilization (e.g. via a nonperturbative superpotential) modify the inflaton potential and make inflation difficult to achieve. We discuss several ways to overcome this problem. We conclude with some general remarks in §6.
Appendix A contains a general discussion of the gravitational interaction of an (unwarped) brane-antibrane pair, and demonstrates that the potentials which arise are typically not flat enough to lead to prolonged inflation. In Appendix B we specialize to a warped background and derive the interaction potential. In Appendix C we explore the detailed properties of inflation in warped brane-antibrane models, assuming that a solution to the challenges of §5 has been found. In Appendix D we explain that eternal inflation may be possible in this scenario. In Appendix E we discuss the exit from inflation and point out that the production of undesirable metric perturbations due to cosmic strings, which are typically created during brane-antibrane annihilation, is highly suppressed in warped models. Finally, in Appendix F we discuss the possibility of fine-tuning of the inflaton potential in order to achieve an inflationary regime.
Brief Review of D3/D3 Inflation
In brane-antibrane inflation one studies the relative motion of a brane and an antibrane which are initially separated by a distance r on the compactification manifold M . One should assume r ≫ l s , so that the force is well approximated by the Coulomb attraction due to gravity and RR fields. Then the potential takes the form
where M 10,P l is the ten-dimensional Planck scale, defined by 8πG 10,N = M −8 10,P l , and T 3 is the tension of a D3-brane. In terms of a canonically normalized scalar field φ, one can rewrite this as
It was suggested in [11] that for large fields (large r), one may obtain inflation from this potential.
A basic (and well known [4] ) problem with this scenario is the following. The standard inflationary slow-roll parameters ǫ and η are defined via
One generally wants ǫ, η ≪ 1 to get slow-roll inflation with sufficient e-foldings. Is this possible in the model (2.2)? The four-dimensional Planck mass appearing in (2.4) is
Hence, η ≪ 1 is possible only for r > L -but two branes cannot be separated by a distance greater than L in a manifold M of size L!
One can try to evade this constraint by considering anisotropic extra dimensions or non-generic initial conditions which yield flatter potentials than (2.2). We argue in Appendix A that this is not possible. There are always some tachyonic directions in the potential with η ≤ −1/6. This implies that the slow-roll approximation cannot be maintained for a large number of e-foldings.
In §3 we will explore another possibility that successfully evades this problem -we will modify the potential (2.2) by considering branes and antibranes in a warped geometry.
We should mention that there are other proposals which might evade the above problem, such as branes at angles or branes with fluxes, see [13, 14, 15, 16, 17] .
However, all of these models have an unsolved problem: moduli stabilization. For an internal manifold of size L, the correct four-dimensional Einstein-frame potential is not quite (2.2). If one assumes that the main contribution to the inflationary energy comes from the D3-brane tension then one finds, for r ≫ l s , that
The energy in the brane tensions sources a steep potential for the radial modulus L of the internal manifold. Therefore, in the absence of a stabilization mechanism which fixes L with sufficient mass so that the variation of L in (2.6) is negligible, one will find fast-roll in the direction of large L rather than slow-roll in the direction of decreasing r. This means that it is important to study concrete scenarios where the volume modulus has already been stabilized. However, we will show that not every means of volume stabilization is compatible with inflation, even when the naive inter-brane potential is flat enough to inflate. We will return to the issue of volume stabilization in §5 , where we will discuss a new and generic problem which appears when one considers the issue in detail.
Inflation in a Warped Background: Essential Features
Our modified brane-antibrane proposal is that inflation might arise from the interaction potential between a D3-brane and an anti-D3-brane which are parallel and widely separated in five-dimensional anti de Sitter space (AdS 5 ). 2
The anti-D3-brane is held fixed at one location in the infrared end of the geometry (this is naturally enforced by the dynamics, as we shall explain). The D3-brane is mobile;
2 This is a slight simplification; in §4 we will construct compact models which deviate from AdS 5 both in the infrared and in the ultraviolet. It is nevertheless convenient to work out the essential features of the model in this simpler geometry.
it experiences a small attractive force towards the anti-D3-brane. The distance between the branes plays the role of the inflaton field.
The forces on the brane and antibrane arise as follows. A single D3-brane experiences no force in an AdS background: electrostatic repulsion from the five-form background exactly cancels gravitational attraction. The addition of a distant anti-D3-brane results in a relatively weak interaction potential arising from the attraction between the brane and the antibrane. We interpret this as a slowly varying potential for the inflaton. We will demonstrate in §3.2 and in Appendix B that this potential is much flatter than the interaction potential for a brane-antibrane pair in flat space.
In the remainder of this section we explain this key idea in more detail. §3.1 is a review of gravity in a warped background. §3.2 deals with the motion of a brane probe in such a background.
It is important to point out that throughout this discussion, we will ignore the possibility that other moduli (or the effects which stabilize them) interfere with inflation. In the context of the string constructions of §4, the relevant other modulus is the compactification volume, and the generic problems associated with its stabilization are the subject of §5. In fact we will see that this modulus problem will generically stop inflation.
Gravity in an AdS Background
We first consider a compactification of string theory on AdS 5 × X 5 where X 5 is a five-dimensional Einstein manifold. 3 This arises in string theory as a solution of tendimensional supergravity coupled to the five-form field strength F 5 . The AdS 5 solution is given in Poincaré coordinates by the metric
There is, in addition, a five-form flux: if the geometry (3.1) arises as the near-horizon limit of a stack of N D3-branes, then the five-form charge (in units of the charge of a single 3 The detailed form of X 5 will not matter for the moment. For concreteness the reader may imagine that X 5 = S 5 .
D3-brane) is N . R, the characteristic length scale of the AdS 5 geometry, is related to the five-form charge by
where the constant a depends on X 5 . It will be useful to recall that AdS is a maximally symmetric, constant curvature spacetime. Its curvature scales like 1 R 2 and is independent of the radial location r. As long as N ≫ 1 this curvature is small and supergravity analysis is reliable. We will choose to truncate AdS 5 to the region r 0 < r < r max .
The reader will notice that, apart from the additional manifold X 5 , this background is identical to that considered by Randall and Sundrum in [18] . Two physical insights from [18] will be crucial for our model. First, one can see from the warped metric (3.1) that the region of small r is the bottom of a gravitational well. Energies along the t, x i coordinates therefore get increasingly redshifted as r decreases. (The region of significant redshift is consequently referred to as the infrared end of the geometry.) Second, as a result of truncating the AdS region, the four-dimensional effective theory which governs low-energy dynamics will have a finite gravitational constant, and will include four-dimensional gravity described by the Einstein-Hilbert action: 4
Recall also that in [18] , the truncation of AdS space was achieved in a brute force manner by placing two branes, conventionally called the Planck brane and the Standard Model brane, at r max and r 0 , respectively. In the string theory constructions of [5] , the truncation arises because the compactification geometry departs significantly from that of AdS 5 × X 5 away from the region r 0 < r < r max . In the ultraviolet, in the vicinity of r ≥ r max , the AdS geometry smoothly glues into a warped Calabi-Yau compactification.
In the infrared, near r = r 0 , the AdS region often terminates smoothly (as in the example of [19] ). The infrared smoothing prevents the redshift factor r/R from decreasing beyond a certain minimum whose value will be very important for our model.
Brane Dynamics
We mentioned above that the warped nature of the geometry gives rise to a redshift dependent on the radial location. It will be important in the discussion below that the redshift results in a very significant suppression of energies at the location of the antibrane;
that is, the ratio r 0 /R is very small. Also note that within the truncated AdS geometry, r 0 < r < r max , we have chosen to place the anti-D3-brane at the infrared cutoff r = r 0 , where it has minimum energy due to the redshift effect.
The five-form background is given by
In a suitable gauge the corresponding four-form gauge potential C 4 takes the form
The D3-brane stretches along the directions t, x 1 , x 2 , x 3 . Its location in the radial direction of AdS space will be denoted by r 1 . In the discussion below we will assume (self-consistently) that the D3-brane has a fixed location along the angular coordinates of the X 5 space. The motion of the D3-brane is then described by the Born-Infeld plus Chern-Simons action
The indices µ, ν denote directions parallel to the D3-brane along the t, x 1 , x 2 , x 3 coordinates, and g µν is the metric along these directions. The D3-brane tension, T 3 , is
(3.7)
For future purposes we note here that since an anti-D3-brane has the same tension as a D3-brane but opposite five-form charge, it is described by a similar action where the sign of the second term is reversed.
Now consider a D3-brane slowly moving in the background given by (3.1) and (3.4) , with no antibranes present. It is easy to see that because of a cancellation between the Born-Infeld and Chern-Simons terms, the D3-brane action at low energies is just that of a free field,
This in accord with our comment above that the net force for a D3-brane in the background (3.1),(3.4) vanishes due to gravitational and five-form cancellations.
We are now ready to consider the effect of an antibrane on the D3-brane. Physically this arises as follows. The anti-D3-brane has a tension and a five-form charge and perturbs both the metric and the five-form field. This in turn results in a potential energy dependent on the location of the D3-brane.
The potential between a brane located at r 1 and an antibrane located at r 0 , in the limit when r 1 ≫ r 0 , is given by:
For a derivation see Appendix B.
The first term in the potential is independent of the location of the D3-brane and can be thought of as a constant potential energy associated with the anti-D3-brane. It is proportional to the tension T 3 . For the antibrane the force exerted by gravity and the fiveform field are of the same sign and add, so we have a factor of 2. In addition, the warped geometry gives rise to a redshift, which reduces the effective tension of the antibrane by a factor r 4 0 /R 4 .
The second term in (3.9) depends on the location of the D3-brane; its negative sign indicates mutual attraction between the pair. Two features of this term will be important in the subsequent discussion. First, the term varies slowly, as the inverse fourth power of the radial location of the D3-brane. Second, due to the warping of the background, the coefficient of this second term is highly suppressed, by a redshift factor r 8 0 /R 4 .
Two more comments are in order at this stage. We have assumed that the antibrane is fixed at r 0 . From (3.9), we see that this is in fact a good approximation to make.
In the r 1 ≫ r 0 limit the first term in (3.9) is much bigger than the second, and most of the energy of the anti-D3-brane arises due to interaction with the background. This is minimized when the anti-D3-brane is located at r 0 in the truncated AdS spacetime.
Second, in our analysis above, we are working in the approximation r 1 ≫ r 0 . We will see below that the D3-brane is far away from the anti-D3-brane while the approximately sixty e-foldings of inflation occur, so this condition is met during the inflationary epoch.
Eventually the D3-brane approaches the antibrane, r 1 ∼ r 0 , and this approximation breaks down. The potential then becomes quite complicated and more model dependent (e.g. it depends on the separation between the brane and antibrane along X 5 ). The resulting dynamics is important for reheating.
A summary of the discussion so far is as follows. We have considered a D3-brane moving in an AdS 5 × X 5 background with five-form flux, in the presence of a fixed anti-D3-brane. This system is described by an action:
The reader will notice in particular that r 1 , the location of the D3-brane, is a scalar field in the effective four-dimensional theory.
Once we cut off the AdS 5 space as in the Randall-Sundrum models we will find that we can add to (3.10) the four-dimensional Einstein action. However, we should also add an extra coupling of the form T 3 12 r 2 1 R coming from the fact that the scalar field r 1 describing the position of the D3-brane is a conformally coupled scalar [20] . This unfortunately leads to a large contribution to η. We will discuss this phenomenon in more generality (from the perspective of the effective low-energy four-dimensional supergravity) in §5.
The model described above has several appealing features in addition to the flatness of the potential. We study these properties in Appendices C,D, and E, with the assumption that one can somehow overcome the problems of §5 (which must be tantamount to cancelling the conformal coupling). In Appendix C we compute the inflationary parameters and show that observational constraints are easily met. In Appendix D we argue that eternal inflation can be embedded into this model, and in Appendix E we point out that the warped geometry suppresses the production of metric perturbations due to cosmic strings (which naturally form during the brane/anti-brane annihilation).
A Concrete Example in String Theory
We now show how to realize our proposal in a specific class of string compactifications.
In §4.1 we present the compactifications and explain why they contain warped throat regions. As the warped throat is well-described by the Klebanov-Strassler (KS) solution [19] , we dedicate §4.2 to a very brief review of the KS geometry. In §4.3 we show that a brane moving in the KS background might give rise to inflation, realizing the general idea presented in §3. Throughout this discussion, we ignore the problem of stabilizing the overall volume modulus, which is unfixed in the constructions of [5] . We consider the problem of volume stabilization in §5, where we will find that generic methods of volume stabilization can perturb the inflaton enough to stop inflation.
The Compactification
Our starting point is type IIB string theory compactified on a six-dimensional Calabi-Yau orientifold. More generally one could use F-theory on an elliptically-fibered Calabi-Yau fourfold. We choose to turn on background fluxes: the three-form fluxes F 3 , H 3 present in the theory are placed along cycles in the internal space (and F 5 is fixed as in [5] ). These fluxes induce warping of the background. One can show that the resulting space is a warped product of Minkowski space and the Calabi-Yau:
where y i are coordinates on the compactification manifold and g mn is the Calabi-Yau metric. As was discussed in [5] , one expects that with a generic choice of flux, all the complex structure moduli of the Calabi-Yau, as well as the dilaton-axion, will be fixed.
We will assume that the compactification has only one Kähler modulus, the overall volume of the internal space.
As described in [5] , one can use the above construction to compactify the warped deformed conifold solution of Klebanov and Strassler (KS). We spend the next section reviewing a few facts about this geometry, as certain details will be important for inflation.
The Klebanov-Strassler Geometry
The Klebanov-Strassler geometry [19] is a noncompact ten-dimensional solution to type IIB supergravity in the presence of background fluxes. The spacetime naturally decomposes into a warped product of a Minkowski factor and a six-dimensional internal space. The six-dimensional space has a tip which is smoothed into an S 3 of finite size. Far from this tip the geometry can be approximated by a cone over the Einstein manifold T 1,1 , which is topologically S 2 × S 3 . Our coordinates will be five angles on T 1,1 , which we can consistently neglect in the following, and a radial coordinate r which measures distance from the tip. The background fluxes are given by
where A is the S 3 at the tip and B is its Poincaré-dual three-cycle. We will require that M ≫ 1 and K ≫ 1; these conditions are important in deriving the solution. The exact metric is known, but for our purposes a simpler form, valid far from the tip, will be more useful. For large r we may express the complete ten-dimensional solution as
Neglecting the logarithmic corrections and the second term on the right, this takes the
When the KS geometry is embedded in a compactification then at some location r = r max the warped throat geometry is smoothly joined to the remainder of the warped Calabi- The exact solution likewise shows departures from (4.3) in the far infrared, near the tip, although the geometry remains smooth. 6 The details of the deviation from (4.3), although known, are unimportant here; it will suffice to know the redshift at the tip. This can be modeled by cutting off the radial coordinate at some minimum value r 0 , which is the location of the tip. It was shown in [5] that the minimal redshift satisfies
This can be extremely small given a suitable choice of fluxes. 5 The second term on the r.h.s. of (4.4) can easily be included. For the numerical values discussed in Appendix C, this gives a three percent correction. 6 The radius of curvature is √ g s M α ′ , so the tip is smooth provided g s M ≫ 1.
Inflation from Motion in the KS Region
In [7] additional anti-D3-branes were introduced in the KS region. These anti-D3branes minimize their energy by sitting at the location where the redshift suppression is maximum, i.e. at the very tip of the deformed conifold, where r ∼ r 0 (the dynamics of anti-D3-branes in the KS geometry was studied in [21] ).
Thus we see that the string construction outlined above has all the features of the general model of §3: a truncated AdS 5 geometry, an associated five-form flux of the correct strength, and anti-D3-branes fixed at the location of maximum redshift. In addition most of the moduli associated with the compactification, including the dilaton, are stabilized.
The one exception is the volume modulus; we will discuss the complications its stabilization introduces separately, in §5.
No mobile D3-branes were included in the construction of [7] , but it is easy to incorporate them. One needs to turn on somewhat different values of three-form flux, which allow the four-form tadpole to cancel in the presence of the additional D3-branes. This is straightforward to do and does not change any of the features discussed above.
We will take one such D3-brane to be present in the KS region of the compactification.
The general discussion of §3 applies to this brane. Since the D3-brane is described by the action (3.6), with R now given by (4.5), the calculation of the brane-antibrane potential follows the discussion in Appendix C, which we outline here.
In the KS model the warp factor (4.1) is given in terms of a function h ≡ e −4A which obeys a Laplace equation, with the fluxes and branes acting as sources. In particular, a single D3-brane located at r = r 1 will correct the background according to
Here h(r) is the background given in (4.4) and ∆h(r, r 1 ) is the correction due to the D3brane. In a region where the original warp factor is very small we see that h(r 0 ) ≫ 1, so that the total warp factor can be expanded as
This warp factor yields the contribution to the energy due to the presence of an antibrane.
If h(r 0 ) ≫ 1 this typically gives a very flat potential.
The small warp factor and the consequent exponential flatness are the heart of our proposal, so an alternative explanation of the origin of these small numbers may be helpful.
Recall that there is a holographic dual gauge theory which describes the geometry of the KS model. This gauge theory is approximately scale invariant in the deep ultraviolet, with slowly running gauge couplings. It undergoes K duality cascades before leading in the infrared to a confining gauge theory with a mass gap. Then the smallness of the redshift factor,
can be ascribed to the exponential smallness of the confinement scale in such a gauge theory.
In summary, we have seen that one can construct concrete examples of string compactifications which lead to the general behavior described in §3. One of their virtues is that they automatically lead to very flat inflaton potentials, without the need for large brane separation or excessive fine-tuning of initial conditions. The primary source of this flatness is the redshift suppression (4.7) which is exponentially sensitive to the (integer) choice of fluxes K and M . However, all of these virtues must be re-examined in the light of concrete ideas about how to stabilize the closed string moduli. In this general class of flux compactifications, the fluxes stabilize many moduli but not e.g. the overall volume.
We now turn to the discussion of volume stabilization.
Volume Stabilization: New Difficulties for D-brane Inflation
The results of §3,4 indicate that warped geometries provide a promising setting for making models of inflation with naturally small ǫ and η. However, as emphasized in §2, one must ensure that the compactification volume is stabilized in order to avoid rapid decompactification instead of inflation. We will now demonstrate that in the concrete models of [5] this is far from a trivial constraint.
In these models the four-dimensional N = 1 supergravity at low energies is of the no-scale type. The Kähler potential for the volume modulus ρ and the D-brane fields φ takes the form [6] 7
Let us pause for a moment to explain how this is obtained. In the tree level compactification the massless fields are the volume, the axion and the position φ of the branes. The axion comes from a four-form potential proportional to a harmonic four-form in the internal manifold [5] . At first sight one would think that the moduli space is simply a product of the moduli space for φ, which is just the internal Calabi-Yau manifold, and the space spanned by the volume and the axion. This is not correct; the axion describes a circle which is non-trivially fibered over the φ moduli space. This structure arises from the coupling of the four-form potential to the worldvolume of the moving D3-brane. The moduli space has a metric of the form
where r is proportional to the volume of the Calabi Yau (in the notation of [5] , r ∼ e 4u ). If we tried to work with a complex variable r + iχ then (5.2) would not follow from a Kähler potential. It turns out that the good complex variable is ρ, which is defined as follows.
The imaginary part of ρ is the axion, while the real part of ρ is defined by
It is then possible to see that (5.1) gives rise to (5.2) . This type of definition of ρ arises when we Kaluza-Klein compactify supergravity theories; see for example [22] .
The superpotential is of the form
where W 0 is a constant (we assume the D-branes are on their moduli space, so we do not write down the standard commutator term). This arises from the (0,3) part of the three-form flux in the full theory including the complex structure moduli and the dilaton.
We have not yet included the anti-D3-branes used in §3,4; these will be incorporated at the end of the discussion.
It is important that with the Kähler potential (5.1), one obtains the no-scale cancellation in the potential
where a, b run over ρ and φ. 8
Using (5.5), it is clear that a generic W (φ) will yield a potential for the D-brane fields φ, but that the potential for the ρ modulus will vanish if the solution for the φ fields has ∂ φ W = 0. It is also clear that a constant superpotential, as in (5.4) , gives no potential to the φ fields. This is consistent with the analysis in [5] , where the pseudo-BPS nature of the flux background leaves the D3-brane moduli unfixed.
We are interested in finding a situation where the D-branes can move freely in the Calabi-Yau (so the φ fields are unfixed ), but the volume is stabilized. Before we discuss various scenarios for such a stabilization, it is important to distinguish carefully between the ρ chiral superfield, and the actual volume modulus, r, which controls the α ′ expansion.
The Kähler potential (5.1) has the following peculiar feature. Let us imagine that there is one D-brane, and hence a triplet of fields φ describing its position on the Calabi-Yau space). Then k(φ,φ) should be the Kähler potential for the Calabi-Yau metric itself, at least at large volume. However, under Kähler transformations of k, the expression (5.1)
is not well behaved. This can be fixed by assigning the transformation laws
This is a manifestation of the fact that the circle described by the axion is non-trivially fibered over the φ moduli space. Note that the physical volume of the internal dimensions, which is given by r, (5.3), is invariant under (5.7).
Armed with this knowledge, and given (5.1) and (5.4) as our starting point, we can now explore various scenarios for volume stabilization.
Scenario I: Superpotential Stabilization
Perhaps the most straightforward method of stabilizing the volume involves a nonperturbative contribution to the superpotential. Various sources of nonperturbative superpotentials for the ρ modulus are known; one instructive example described in [7] involves a superpotential W (ρ) = W 0 + Ae −aρ (5.8) where A and a are constants and W 0 is the contribution (5.4) of the three-form flux. For the remainder of this section we will consider W = W (ρ) to be a general holomorphic function of ρ.
In the presence of D3-branes the superpotential must in addition develop some dependence on φ, as it should be invariant under (5.7). For instance, as argued in [23] , the superpotential due to Euclidean brane instantons or gauge dynamics on D7-branes has to vanish when a D3-brane hits the relevant cycle. This can be understood directly by examining and integrating out the massive D3-D7 strings in the latter case. This subtlety must be accounted for to get a globally well-defined W , and we will see in a moment that this actually changes the inflaton mass term. Nevertheless, we will first study the simpler case W = W (ρ), both because it reflects the essential features of the problem and because the full dependence of W on φ is not known.
Let us start by presenting a general argument which highlights a problem faced by any inflationary model involving a moving D3-brane in the models of [7] . The main point is that one will choose some configuration with a positive energy V . When the compact manifold is large then this energy will go to zero rather quickly, as a power of the volume modulus r:
where α is a number of order one and the form of X(ρ) depends on the source of energy.
This follows because in existing proposals the inflationary energy arises either from brane tensions or from fluxes, and all known brane and flux energies vanish as some power of r.
On the other hand the stabilization mechanism would fix ρ (or else some combination of ρ and φ) rather than r. This implies that as the brane moves and φ changes there will be a change in the potential,
This will lead to a contribution to η of order one, unless there is a compensating contribution to the mass term from some other source.
One possible source of such a cancellation is a dependence of the superpotential on φ, not just ρ. If V (r, φ) = X(ρ, φ)r −α then we would get an additional contribution to the mass term,
so that at the minimum ρ = ρ c we find
In principle the second contribution to the mass term might substantially cancel the first, alleviating the problem of the inflaton mass. This would certainly require fine-tuning at the level of one percent (in order to make η sufficiently small to allow sixty e-foldings). More importantly, the dependence of W on φ is not known, so the question of which models admit such fine-tuning cannot be answered at present. We should emphasize that the problem we are discussing is quite general, but one might well be able to find non-generic configurations in which the problem is absent.
Let us discuss these issues more concretely for the case of a brane-antibrane pair transverse to a stabilized Calabi-Yau. In principle one should be able to compute the inflaton potential directly, by substituting the complete superpotential into the supergravity F-term potential
and possibly including the effects of D-term contributions. This turns out to be a rather subtle problem, essentially because of the breaking of supersymmetry in the braneantibrane system.
We will begin instead by understanding the (supersymmetric) system of a single D3brane transverse to a Calabi-Yau. We will find that superpotential stabilization of the volume necessarily generates mass terms for the scalars φ which describe the motion of the D3-brane. An implicit assumption in brane-antibrane inflation scenarios is that the brane and antibrane are free, in the absence of interactions, to move around the Calabi-Yau; the gentle force from their Coulomb interaction is then expected to lead to a relatively flat inflaton potential. Significant mass terms for the D3-brane (or any external forces on the D3-brane) invalidate this assumption and make inflation impossible.
Let us therefore consider the effective potential governing a D3-brane transverse to a Calabi-Yau manifold. We substitute the superpotential W (ρ) and the Kähler potential (5.1) into (5.11), where the physical volume modulus r is given by (5.3) . The resulting four-dimensional effective potential is
In the vicinity of a point in moduli space where k(φ,φ) = φφ, this can be simplified to
We must now incorporate the effects of an anti-D3-brane. In the scenario of [7] the superpotential (5.8) stabilized the compactification volume and generated a negative cosmological term V 0 . The positive, warped tension of an anti-D3-brane was added to this to produce a small positive cosmological constant. In our notation, the anti-D3-brane induces an additional term in the effective potential (5.12),
where D is a positive constant. Notice that this induced term differs from the one in [7] by a factor of r. This arises because the anti-D3 tension in the warped compactifications of [5] scales like 1 r3 e 4A , and in the highly warped regime, e 4A ∼ r exp(− 8πK 3g s M ). This does not alter the conclusions of [7] , though it changes the numerology.
Suppose that the potential (5.14) has a de Sitter minimum V dS at ρ = ρ c , φ,φ = 0. We will now compute the mass of the D3-brane moduli in an expansion about this minimum.
To simplify the analysis we assume that at the minimum ρ is real, and also that for real ρ, W (ρ) is real. The canonically normalized scalar which governs the motion of the D3-brane is not φ but is instead a rescaled field ϕ = φ 3/(ρ +ρ); it is the mass of ϕ which we will compute.
First, we rewrite (5.14) as
where primes denote derivatives with respect to ρ, and define V 0 by
This means that the field ϕ acquires the mass
This is in fact precisely the result one would obtain for a conformally coupled scalar in a spacetime with cosmological constant V dS . This is most easily understood by setting D = 0 and studying the resulting If the D3-brane is in a highly warped region this result could have been anticipated, since this highly warped region is dual to an almost conformal four-dimensional field theory [24] and the scalar field describing the motion of the brane is conformally coupled (see [20] ) 9 .
The derivation of (5.19) is also valid even when the D3-brane is far from the near horizon region.
We now see that the D3-brane moduli masses are necessarily of the same scale as the inflationary energy density V 0 , since during inflation, the extra antibrane(s) simply sit at the end of the throat and provide an energy density well-modeled by (5.14) . It is straightforward to verify that such masses lead to a slow-roll parameter η = 2/3, incompatible with sustained slow-roll inflation.
It is instructive to compare this result with the well-known η-problem, which bedevils most models of F-term inflation in N = 1 supergravity. One begins by asking whether slow-roll inflation is possible in a model of a single field φ with any type of Kähler potential and any superpotential W (φ). For a minimal Kähler potential and a generic superpotential W (φ) one typically has a inflaton mass m 2 φ = O(H 2 ), and hence no inflation, just as in the generic case considered in the present paper. But this does not mean that inflation in N = 1 supergravity is impossible. Various superpotentials with non-generic dependence on φ have been found, some of which permit inflation. For example, in supergravity with the canonical Kähler potential and a linear superpotential for the inflaton, the mass term contribution to the potential cancels:
A similar effect occurs for the superpotential W = φ(σ 1 σ 2 − M 2 ), which leads to a simple realization of F-term hybrid inflation [25] . Moreover, the dangerous mass terms for the inflaton do not appear at all in D-term inflation [26] .
It is quite possible, therefore, that one could find a consistent inflation scenario in string theory by studying superpotentials which depend on the inflaton field. As mentioned above, this would undoubtedly require a fine-tuned configuration in which two contributions to the mass cancel to high precision. We treat this question in detail in Appendix F, where we show that the introduction of a superpotential depending on the inflaton field φ leads to a modification of the mass-squared m 2 φ of the inflaton field which could make it much smaller (or much greater) than 2H 2 . This issue merits further investigation, which should become possible as we learn more about the detailed dependence of W (ρ, φ) on the background geometry and on the fluxes in string compactifications.
Scenario II: Kähler Stabilization
One model of stabilization that would be compatible with the inflationary scenario of §3,4 is the following. We have seen that the true Kähler-invariant expansion parameter which controls the α ′ expansion in these models, is r. Furthermore, r and φ have independent kinetic terms.
A method of directly stabilizing r could freeze the volume directly, without stopping inflation. Since r is not a chiral superfield itself, stabilization via effects in the superpotential cannot accomplish this. However, given that W 0 = 0, one can imagine that corrections to the Kähler potential could directly stabilize r.
In fact, Kähler stabilization has been proposed earlier for rather different reasons (see e.g. [27] , which discusses Kähler stabilization of the heterotic string dilaton). Here we would need the α ′ corrections to (5.1) to break the no-scale structure and fix r. Some of these corrections have been calculated (see e.g. [28] ). The subset of terms presented in [28] does not lead to this kind of stabilization, though there are likely to be other terms at the same orders which could change this conclusion. However, Kähler stabilization would be very difficult to find in a controlled calculation, so one might simply have to state it as a model-building assumption.
If one does assume that r is stabilized by corrections to the Kähler potential, then the models of §3,4 could be realized in the framework of [5] . In Appendix C we show that in these models one can easily satisfy observational constraints such as the number of e-foldings and the size of the density perturbations.
Conclusion
One of the most promising ideas for obtaining inflation in string theory is based on brane cosmology. However, brane-antibrane inflation [11] suffers from various difficulties when one tries to embed it in full string compactifications with moduli stabilization, such as the (metastable) de Sitter vacua of [7] .
We have argued here that some of these difficulties can be resolved by introducing highly warped compactifications. The warped brane-antibrane models introduced in general form in §3 and in a compact string theory example in §4 give rise to slow-roll inflation with an exponentially flat potential. In the compact example, the slow-roll parameters and the density perturbations can be fixed at suitable values by an appropriate choice of discrete fluxes in the warped region.
The above discussion assumes a suitable stabilization mechanism for the volume modulus of the compactification manifold. As described in §5, this is a highly nontrivial issue.
Indeed, we have found that if one stabilizes the moduli as in [7] then this field acquires an effective mass-squared m 2 φ = O(H 2 ), making inflation impossible. As discussed in §5.1, fine-tuned dependence of the superpotential on φ could reduce this mass. With generic dependence on φ the problem persists.
The arguments leading to our conclusion that generic methods of stabilization stop inflation are rather general, and should apply to any system where the energy density depends on the volume modulus as r −α with α > 0. There are general arguments that this should always be the case, for the sources of energy we know about in string theory [29] .
Thus, it appears very difficult to achieve slow-roll brane inflation in a manner compatible with stabilization of the compactified space in string theory. At the very least, it is challenging to find a model which works for generic forms of the stabilizing superpotential, which itself varies in a way that depends on all of the microscopic details of the compactification. In those non-generic cases where inflation is possible, the inflationary predictions will depend on the details of the moduli stabilization.
One should note that the degree of fine-tuning required for slow-roll inflation in these models is not extraordinary (see Appendix F), and may well be attainable within the large class of known models. Moreover, even though fine-tuning is certainly undesirable, it may not be a grave problem. Indeed, if there exist many realizations of string theory, then one might argue that all realizations not leading to inflation can be discarded, because they do not describe a universe in which we could live. Meanwhile, those non-generic realizations which lead to eternal inflation (see Appendix D) describe inflationary universes with an indefinitely large and ever-growing volume of inflationary domains. This makes the issue of fine-tuning less problematic. It will not escape the reader's notice that this argument is anthropic in nature [30, 31, 32] . It is worth pointing out that it is an independent, presumably well-defined mathematical question, whether or not string theory has solutions which are consistent with present experiments (e.g. which contain the standard model of particle physics, have sufficiently small cosmological term, and allow early inflation). This question can of course be studied directly (see e.g. [33] for recent work in this direction), and is an important one for string theorists to answer. Only if string theory does admit such solutions, does anthropic reasoning in this context become tenable. The large diversity of string vacua makes it reasonable to be optimistic on this score.
We have primarily focused on the implications of superpotential stabilization of the moduli for D3-brane/anti-D3-brane inflation. Our analysis has implications for other models of brane inflation as well. These include Dp − Dp systems and Dp-branes at angles with p = 5, 7. In these cases, Chern-Simons couplings will generically induce a D3-brane charge on the branes due to the presence of a non-trivial B NS field. Such a charge will also be generated due to the curvature couplings for generic topologies of the cycles the branes wrap. If the induced charge is of order unity or more, the discussion of the previous section will apply. The volume modulus and the inflaton field will mix non-trivially in the Kähler potential and as a result a superpotential of the kind considered in §5.1, or in fact any source of energy which scales like 1/r α , will generically impart an unacceptably big mass to the inflaton. It would be interesting to explore the special cases where such a charge is not induced, to see if one can make simple working models of brane inflation.
Other existing proposals for brane inflation depend on Fayet-Iliopoulos terms in the low-energy field theory [26] . The status of these FI terms in the effective N = 1 supergravity arising from compactified string theory therefore merits careful investigation. String theory models with D-terms were realized in brane constructions [13, 16] without consideration of volume stabilization. A consistent embedding of this model into compactified string theory is under investigation [34] .
we express it in terms of the physical distance. We can therefore set M P l,10 = 1, T D3 = 1, to avoid clutter in the equations.
The action for the system has the form
where γ is a constant we will determine below. Here ϕ is the gravitational potential on the internal space. The equation of motion from (A.1) is
Treating one brane as the source and the other as a probe and comparing with (2.1) we see that γ 2 = 2. 10 The expression for the energy of N branes is thus
where the subscript in ϕ indicates that we compute the potential due to the other branes, with j = i, and evaluate it at x i . There is also a self-energy correction. We assume that the latter is independent of position. This is true in homogeneous spaces, such as tori.
The equation of motion (A.2) is not consistent since all the charges on the left hand side of (A.2) have the same sign. A minimal modification that makes the equation consistent is to write it as
where v 6 is the volume of the compact manifold. This term comes naturally from the curvature of the four-dimensional spacetime, which, in the approximation that we neglect the potential, is de Sitter space. This positive curvature gives rise to a negative contribution to the effective potential in the six internal dimensions. It is reasonable to assume that the negative term is smeared over the compact space as in this minimal modification, as long as the transverse space is approximately homogeneous. 11 10 Note that (2.1) contains a contribution both from gravity and from the Ramond fields, so the gravity contribution is half of that in (2.1). 11 In compactifications with orientifold planes, there would also be localized negative terms.
However, these would be cancelled by the tensions of the branes which are present even after brane/antibrane annihilation. The extra energy of the inflationary brane/antibrane pair can be expected to induce a smeared negative contribution over and above the orientifold plane contribution.
Note that this term does not arise for the Ramond fields since the total net charge is zero.
Let us now consider, for simplicity, the case of a single brane and a single antibrane.
In order to compute η we compute the Laplacian of the potential V with respect to x 1 .
We get
The subscript in ϕ indicates that this is the potential due to the brane at x 2 . For a pair of branes the potential is V = 2 + γϕ x 2 (x 1 ). The Laplacian has a constant negative value (A.5). We see that this implies that there exists at least one direction in which the second derivative has a value V ′′ ∼ γϕ ′′ ≤ − γ 2 3 1 v 6 , since there are six transverse dimensions. When we compute the contribution to η the factor v 6 cancels out.
When there are many fields, one should consider η as a matrix. In order to have slow roll inflation we need to demand that the matrix has no negative eigenvalue that is too large. If we have a large negative eigenvalue, then even if the scalar field is not initially rolling in that direction, it will typically start moving in this direction after a few e-foldings.
The discussion above implies that η, viewed as a matrix, has an eigenvalue more negative than η| eigenvalue ≤ − 2 3
.
(A. 6) This implies that at least one of the moduli acquires a tachyonic mass m 2 ≤ −2H 2 , which typically prevents a prolonged stage of inflation.
Appendix B. Computation of the D3/D3 Potential in Warped Geometries
To calculate the potential it is actually easier to turn things around and view the D3-brane as perturbing the background and then calculate the resulting energy of the anti-D3-brane in this perturbed geometry. This of course gives the same answer for the potential energy of the brane-antibrane pair.
The coupling of the metric and the five-form to the D3-brane is given by (3.6) . On general grounds one expects that the changes in the metric and F 5 caused by the D3-brane will vary in the directions transverse to the brane. These directions are spanned by the radial coordinate r and the directions along X 5 . It is useful to observe that the background can be written as follows:
whereg ab dy a dy b is the line element on X 5 , and h(r) is given by
It is easy to check that h(r) is a harmonic function in a six-dimensional space spanned by r and the directions along X 5 , with metric To determine the potential we now couple this new background to the anti-D3-brane.
The anti-D3-brane is described by an action of the form (3.6), except that, as was mentioned before, the sign of the Chern-Simons term is reversed relative to the case of a 12 The constant C is determined by the tension of the D3-brane.
D3-brane. We also remind the reader that the antibrane is located at r = r 0 ; we will assume that r 1 ≫ r 0 . Combining all these results, after a simple calculation one recovers the desired potential (3.9) .
This calculation of the potential is valid for one brane-antibrane pair. For one brane and p antibranes, to leading order, (3.9) is simply multiplied by p. Corrections to this leading-order potential are suppressed for small p.
Appendix C. Warped Inflation
In this appendix we discuss how inflation would look if one managed to fix the overall volume modulus without giving a mass to the brane motion. We argued above that the low energy dynamics of the system is described by the action (3.10). The radial position of the D3-brane, r 1 , will play the role of the inflaton below. We define a canonically normalized field φ = T 3 r 1 (C.1) and φ 0 = √ T 3 r 0 . The effective action is then given by
We have assumed that there are no significant additional terms in the effective action
This inflaton potential is extremely flat: the first term in the potential, which is independent of the inflaton, is larger than the second term by a factor proportional to ( r 1 r 0 ) 4 . This factor can be interpreted as the relative redshift between the brane location r 1 and the antibrane location r 0 ; as we explained in §4, this redshift is exponentially sensitive to the parameters of the model:
where g s is the string coupling and K, M are integers that specify fluxes turned on in the compactification.
The slow-roll parameters can now be calculated in standard fashion. We will use conventions where 8πG N = M 2 P l . One finds that
Slow-roll requires that |η| ≪ 1, |ǫ| ≪ 1. Of these the condition on η is more restrictive. It can be met by taking
The number of e-foldings is given by
Requiring N e ∼ 60 can be achieved by taking φ to be sufficiently large and is compatible with the bound (C.5).
Finally, the adiabatic density perturbations are given by ( [2] , page 186)
This quantity should be equal to 1.9 · 10 −5 at N e ∼ 60, when the perturbations responsible for the large scale structure of the observable part of the universe are produced.
After some algebra, δ H can be expressed in terms of N e as follows:
C 1 is a constant which is somewhat model dependent; using (C.7) and (C.2), one has
and after using (4.5), (3.7) one finds that C 1 = 0.39 for the model of §4. 13 13 C 1 increases by a factor √ p when there are p antibranes. While making numerical estimates we set p = 2.
The four-dimensional Planck scale (M −2 P l ≡ 8πG N ) is given by
where V 6 is the volume of the Calabi-Yau. This formula is strictly applicable only to a Kaluza-Klein compactification, not a warped compactification of the kind considered here.
However, the approximation is a good one since the graviton zero mode has most of its support away from the regions with large warping (where its wave function is exponentially damped.) We may express the brane tension as 
Larger values of V 6 lead to smaller values for T 3 /M 4 P l , which make it easier to meet the density perturbation constraints.
More important, for present purposes, is the factor (r 0 /R) 4/3 , which has its origins in the redshift suppression of the potential that was emphasized in the discussion above.
By taking this factor to be small enough we see that the constraint on δ H , (C.7), can be met. As an example, taking T 3 /M 4 P l ∼ 10 −3 and N e = 60, we find that δ H ≈ 1.91 · 10 −5 for r 0 /R = 2.5 · 10 −4 . This condition on r 0 /R can easily be met for reasonable values of the flux integers K, M . Taking g s = 0.1, we get r 0 /R = 2.5 · 10 −4 , with K/M ≃ 0.4. The latter condition can be achieved using moderate values of flux, e.g. K = 8, M = 20. Now that we have ensured that the various constraints can be met in our model, it is worth exploring the resulting inflationary scenario a little more. The energy scale during inflation can be expressed in terms of δ H . One finds from (C.8), and using the fact that the potential is well approximated by the first term in (3.9), that Next, it is straightforward to see that δ H is given in terms of V and ǫ by
Solving for V from (C.12) gives In our model this is very small, so the anisotropy is almost entirely due to density perturbations.
Finally, η can be related to N e , and is given by
Setting N e = 60 gives
Clearly, as we mentioned above, |η| ≫ ǫ. The tilt parameter is given by
in excellent agreement with observational data from WMAP. 
Appendix D. Eternal Inflation
At large φ, the potential V (φ) in (C.2) becomes extremely flat. For flat potentials, the force pushing the field φ down becomes very small, whereas the amplitude of inflationary fluctuations remains practically constant. As a result, the motion of the field φ at large φ is mainly governed by quantum jumps. This effect is known to lead to eternal inflation [35, 36] .
Eternal inflation leads to formation of a fractal structure of the universe on a very large scale. It occurs for those values of the field φ for which the post-inflationary amplitude of perturbations of the metric δ H would exceed unity [1] . In our case δ H is proportional to
. Since the amplitude of the density perturbations is δ H ∼ 1.9 · 10 −5 in the observable part of the universe, eternal inflation should occur for all values of the field φ that are greater than 10 · φ 60 . Here φ 60 is the value of the field at the moment starting from which the universe inflated e N e ∼ e 60 times. In other words, if r 60 is the brane separation corresponding to the moment when the large-scale structure of the observable part of the universe was produced, then the regime of eternal inflation occurred when the brane separation was ten times greater than r 60 . The possibility of eternal inflation in our model is very interesting since this regime makes the existence of inflation much more plausible: even if the probability of initial conditions for eternal inflation is small, the universes (or the parts of the universe) where these conditions are satisfied rapidly acquire indefinitely large (and ever growing) volume [37] .
Appendix E. Exit from Inflation
In this appendix we comment on the exit from inflation through brane-antibrane annihilation.
The brane-antibrane potential used in our analysis of inflation is no longer valid when the brane separation is comparable to the string length. At that stage a tachyon appears and then condenses. (In this sense, our model, like all the brane inflation models described in [4] , is a particular version of the hybrid inflation scenario [38] .) One may attempt to use the properties of this brane-antibrane tachyon [39, 40] to describe the exit from inflation.
Here we will show that one of the possible problems of this scenario, the overproduction of cosmic strings [41, 42] , is ameliorated by the warped geometry.
In the case of a merging brane-antibrane pair, the tachyon is a complex field and there is a U (1) symmetry. Formation of cosmic strings associated with the U (1) symmetry breaking leads to large-scale perturbations of the metric which are compatible with the current observations of the cosmic microwave anisotropy [43] only if G N T 1 = T 1 8πM 2 P l < ∼ 10 −7 , where T 1 is the cosmic string tension [44] . This tension can be evaluated either by the methods of [45] , or by identifying cosmic strings with D1-branes. In the usual case (i.e. ignoring warping) one has
This shows that the cosmic string contribution to the perturbations of the metric produced after inflation is unacceptably large unless the volume of the compactified space V 6 is at least five orders of magnitude greater than g s (2πl s ) 6 .
In the brane inflation models of §3, §4, however, the relevant tension is redshifted by the warped geometry, which leads to exponential suppression of T 1 :
As a result, the undesirable contribution of cosmic strings (D1-branes) to perturbations of the metric becomes exponentially suppressed.
Appendix F. Fine-tuning of the Potential when the Superpotential Depends on the Inflaton Field
In this appendix we study a toy model in order to make more precise our statements concerning the degree of fine-tuning which is required for slow-roll brane inflation. We should note here that we will be discussing the degree to which the inflaton potential itself must be tuned. In a given string model, one cannot directly tune the potential, but only vary choices of the background data like fluxes, compactification manifold, or brane positions. It could be that the tuning required in terms of this data is more or less severe than our estimate below, but explicit string calculations of the relevant superpotentials will be necessary to determine this.
Before studying the example, let us mention how small the inflaton mass term must be for a given model of slow-roll inflation to be compatible with experiment. The goal is to have a long stage of inflation producing metric fluctuations with a fairly flat spectrum.
Recent observations suggest that, modulo some uncertainties, the tilt is n s ≈ 1 + 2m 2 φ 3H 2 = 0.97 ± 0.03 [43, 46] . This is compatible with an inflaton mass |m 2 φ |/H 2 ∼ 10 −1 − 10 −2 .
This could be achieved through fine-tuning of m 2 φ by only about one part in 100. Thus, the fine-tuning that we need to perform is not extraordinary. Given the large number of possible compactifications, the existence of some configurations which allow inflation seems quite likely.
We now turn to an example which illustrates this point. Consider a D3-brane transverse to a warped compactification; we would like to know how the (brane-antibrane) inflaton mass terms vary as the inflaton-dependence of the superpotential varies.
The Kähler potential for the volume modulus and the D3-brane field φ takes the form K(ρ,ρ, φ,φ) = −3 log ρ +ρ − k(φ,φ) . We will work in the vicinity of the point φ =φ = 0 in moduli space, where k(φ,φ) = φφ. We choose a superpotential of the form
where g(ρ) is an arbitrary function of ρ, f (φ) = (1 + δ φ 2 ), and W 0 and δ are constants. This is a slight generalization of the superpotential in [7] , which corresponds to δ = 0 and g(ρ) = Ae −aρ .
One can now calculate the supergravity potential V F = e K (g ij D i W D j W − 3|W | 2 )
for the two complex fields ρ, φ. The exact potential has a simple dependence on Im ρ and Im φ which shows that the point Im ρ = Im φ = 0 is an extremum of the potential (it is a minimum, at least for small φ). Therefore we will present here the exact potential V F (σ, ψ) as a function of Re ρ = σ and Re φ = ψ at Im ρ = Im φ = 0.
V F (σ, ψ) = 1 6(σ − ψ 2 /2) 2 2δ 2 ψ 2 g(σ) 2 + f (ψ)g ′ (σ)g(σ) − We are interested in the total potential V F (σ, ψ) + V D3 at small ψ, where V D3 is the potential due to the antibrane (cf. (5.14) ). We may therefore use the stabilization of the volume in the first approximation at ψ 2 = 0 and calculate the potential at the AdS critical point σ c = r c , where, using D ρ W | φ=0 = 0, one finds
We now change variables to ψ 2 = 2 3 σ c ϕ 2 , where ϕ is a field with the canonical kinetic term (∂ϕ) 2 . We find
From the antibrane we get the additional contribution mentioned above. Keeping terms up to those quadratic in φ, we finally arrive at
Here V dS is the value of the potential at the de Sitter minimum,
The mass-squared of the field φ is
To make m 2 φ small, we need δ g g ′ > 0 as well as |V AdS |
If the parameters of the model were arbitrary then this would certainly be possible.
We will express our results in terms of a parameter β = δ g g ′ :
For β = 0 we recover the "conformal" result m 2 φ = 2H 2 (F.9)
As a simple example, if g(ρ) = Ae −aρ , as in [7] , we find β = − δ a . However, let us assume, as in [7] , that |V AdS | ≫ V dS . Then for the simple value β = 1 (i.e. δ = −a) we have
Thus, whereas it is true that our knowledge of W (ρ, φ) is not particularly good, our absence of knowledge does not allow us to say much about m 2 φ . The only thing we can say is that in our particular example, for |V AdS | ≫ V dS , this mass can be fine-tuned to take almost any value. 14 In particular, one has a flat potential with m 2 φ = 0 for
This equation always has solutions for |V AdS | ≥ 8V dS . For |V AdS | ≫ 8V dS , the solutions are:
and
In order to satisfy one of these two conditions and have m 2 φ = 0 one can fine-tune either the ratio V dS |V AdS | (as was done in [7] ) or the coefficient δ in the superpotential. In order to prove that inflation in this scenario is impossible, one would need to prove that neither of these types of fine-tuning is possible.
It is instructive to compare this situation with the problem of realizing the chaotic inflation scenario in N = 1 supergravity. Let us consider a canonical Kähler potential K = φφ +σ i σ i , where φ is the inflaton field and σ i are some other fields. If the superpotential is a function of the fields σ i but not of the field φ, then the potential of the scalar fields has the general structure as a function of the real part of the field φ, V = e φ 2 V (σ i ), which implies that m 2 φ = 3H 2 , i.e. η = 1.
14 Incidentally, Eq. (F.10) implies that if one does not make any fine-tuning, then for the model described in [7] , with V dS ∼ 10 −120 in Planck units, the typical mass squared of the D3 brane moduli fields is expected to be O(|V AdS |), which can be extremely large. This result may have interesting phenomenological implications.
One can resolve this problem by introducing the superpotential depending on the inflaton field, just as we did in this appendix. However, in the simplest version of chaotic inflation one needs the inflaton field to be at φ ≫ 1, in Planck mass units, and to change significantly, by ∆φ = O(1), during the last 60 e-folds. It is this last part that causes substantial difficulties for inflation in N = 1 supergravity. It is always possible to find a superpotential, depending on the inflaton field φ, such that the potential becomes flat in the vicinity of one particular point. However, one must do it for all φ in a large interval ∆φ = O(1). It requires enormous functional fine-tuning in a large interval at φ ≫ 1, where the term ∼ e φ 2 grows very fast.
Meanwhile, in our case the situation is much better. Instead of a functional fine-tuning in a large interval of φ we need to make a fine-tuning at a single point σ = σ c , φ = 0. In order to estimate the required degree of fine-tuning, let us e.g. fix β = 1/2 and change the ratio |V AdS |/V dS in Eq. (F.8) in the interval 0 < |V AdS |/V dS < 4. As one can easily see, in this case the mass squared of the inflaton field changes from 2H 2 to −2H 2 . In approximately 1% of this interval the condition n s ≈ 1 + 2m 2 φ 3H 2 = 0.97 ± 0.03 is satisfied. On the other hand, if this condition is substantially violated, which happens in the main part of this interval, then inflation becomes either too short or impossible, and the universe most probably becomes unsuitable for life.
Finally, if inflation can be eternal (and it can be eternal in the models of §3,4, see Appendix D), then the parts of the universe where eternal inflation is possible have an indefinitely large and ever-increasing volume. For this reason, regions of the universe where eternal inflation does occur, however improbable that may have been, are in some sense favored. One could therefore argue that the problem of fine-tuning in inflationary cosmology is not as dangerous as one could expect, and sometimes it may not even be particularly relevant.
